The correct outgrowth of axons is essential for the development and regeneration of nervous systems. Axon growth is primarily driven by microtubules. Key regulators of microtubules in this context are the spectraplakins, a family of evolutionarily conserved actinmicrotubule linkers. Loss of function of the mouse spectraplakin ACF7 or of its close Drosophila homolog Short stop/Shot similarly cause severe axon shortening and microtubule disorganization. How spectraplakins perform these functions is not known. Here we show that axonal growth-promoting roles of Shot require interaction with EB1 (End binding protein) at polymerizing plus ends of microtubules. We show that binding of Shot to EB1 requires SxIP motifs in Shot's C-terminal tail (Ctail), mutations of these motifs abolish Shot functions in axonal growth, loss of EB1 function phenocopies Shot loss, and genetic interaction studies reveal strong functional links between Shot and EB1 in axonal growth and microtubule organization. In addition, we report that Shot localizes along microtubule shafts and stabilizes them against pharmacologically induced depolymerization. This function is EB1-independent but requires net positive charges within Ctail which essentially contribute to the microtubule shaft association of Shot. Therefore, spectraplakins are true members of two important classes of neuronal microtubule regulating proteins: ϩTIPs (tip interacting proteins; plus end regulators) and structural MAPs (microtubule-associated proteins). From our data we deduce a model that relates the different features of the spectraplakin C terminus to the two functions of Shot during axonal growth.
Introduction
The correct outgrowth of axonal projections is essential for the development and regeneration of nervous systems. Axonal extension is primarily executed by microtubules (MTs). MT dynamics are regulated through the processes of MT stabilization, MT polymerization, MT-based transport, and the linkage of MTs to F-actin networks (Conde and Cáceres, 2009; Dent et al., 2011) . However, we still have little understanding of how such processes contribute to axon extension.
Spectraplakins, are a family of large actin-MT linker molecules that are key regulators of axonal growth (as well as many other clinically relevant processes; Sonnenberg and Liem, 2007) . In the absence of spectraplakins, axons are short and MTs lose their orderly bundled appearance. These phenotypes are found in mouse neurons deficient for the spectraplakin ACF7 as well as in Drosophila neurons lacking the close ACF7 homolog Short stop/ Shot , consistent with the general assumption that spectraplakins are functionally conserved (Röper et al., 2002; Sonnenberg and Liem, 2007) . However, the molecular mechanisms through which spectraplakins perform these roles are poorly understood.
Studies in non-neuronal cells have suggested that spectraplakins interact with MTs using two conserved C-terminal domains, the Gas2 (growth arrest specific 2)-related domain (GRD) and the adjacent C-terminal tail (Ctail). GRDs in fibroblasts associate along MT shafts and protect them against the MT-ϩ -attP-3B}CG13800 VK00031 ; Bloomington line #9748). See Figure 1R for details of all UAS-shot constructs.
For analyses of MT polymerization events in shot Ϫ/ Ϫ mutant background, primary neurons were generated from double-recombinant embryos (Df(2R)MK1, sca-Gal4/shot sf20 , UAS-eb1-GFP) where only homozygously mutant specimens display fluorescence (sca-Gal4/UAS-eb1-GFP as controls). For rescue experiments, cultures were produced from embryos carrying the following combinations: UAS-shot- Df(2R) MK1, ; UAS-eb1-mCherry/ϩ or Df(2R)MK1, scaGal4/shot sf20 ; UAS-eb1-mCherry/UAS-shot-RE-3MtLS*-GFP (scabrousGal4/ϩ; UAS-eb1-mCherry/ϩ as controls), using CyO, twi::GFP-balancers to select for shot Ϫ/ Ϫ mutant embryos.
DNA constructs
Recombineering was used to generate UAS-shot-RE-⌬Ctail-GFP and UAS-shot-RE-3MtLS*-GFP. First, using recombination, the sequence of full-length Shot::GFP from p{UAST}-shot-RE-GFP (Lee and Kolodziej, 2002) was inserted into M-6-attB-UAS-1-3-4 (see below). Then the GalK positive/negative selection strategy (Warming et al., 2005) was used to delete the Ctail or replace it with an MtLS* mutated version. We used pcDNA3.1 vector (Invitrogen) to generate all Shot constructs transfected into fibroblasts and the primers used to amplify each construct/insert are listed in Table 1 . We also modified the multiple cloning site of pcDNA3.1 introducing AscI and PacI restriction sites (5Ј and 3Ј, respectively) to allow simple digestion/ligation transfers of the large inserts from p [acman] constructs.
Engineering of M-6-attB-UAS-1-3-4 (P[acman]-1-3-4-chloramphenicol)
Figure 1. Ctail and MtLS motifs are required for axon growth and axonal MT organization in embryonic motor neurons in vivo and in primary embryonic neurons in culture. A-J, Illustrations of axonal phenotypes of wild-type (top) and shot Ϫ/ Ϫ mutant neurons (bottom); stainings in A-C and F-H as indicated: act, phalloidin-labeled filamentous actin; Fas2, motor axonal marker Fasciclin 2; HRP, neuronal marker horseradish peroxidase; tub, tubulin. A and F show intersegmental motor nerves in three consecutive segments of the embryo which are shorter in the (Figure legend continues .)
The entire P element, containing P3-10xUAS-3pA-white ϩ -P5, was released from 3pA-Late-UAS as a BamHI fragment, gel purified, bluntended with Klenow polymerase, and subcloned into the Klenow-bluntended and SAP dephosphorylated SalI cut plasmid P[acman] M-6-attB. The ligation product was transformed into the EPI300 strain, and selected on LB (Cl12.5), resulting into plasmid M-6-attB-UAS-1-3-4 or P[acman]-1-3-4-chloramphenicol.
Drosophila primary neuron cultures
The generation of primary cell cultures was performed as described previously (Sánchez-Soriano et al., 2010) . In brief, cells were collected with micromanipulator-attached needles from stage 11 wild-type or mutant embryos (6 -7 h after egg lay at 25°C; Campos-Ortega and Hartenstein, 1997), treated for 5 min at 37°C with dispersion medium, washed and eventually resuspended in the final volume of Schneider's medium (Schneider, 1964; Invitrogen; 5-6 l/donor embryo), plated to coverslips, kept as hanging drop cultures in air-tight special culture chambers (Küppers-Munther et al., 2004) usually for 6 h at 26°C. Cells were grown directly on glass, or on coverslips coated with 0.5 mg/ml Concanavalin A (Sigma) which is favorable for the analysis of MT disorganization phenotypes . Dilutions of the MTdestabilizing drug nocodazole (20 M; Sigma) and of the MT-stabilizing drug taxol (1 nM; Sigma) in Schneider's medium were prepared from stock solutions in DMSO. For controls, equivalent concentrations of DMSO were diluted in Schneider's medium. To deplete maternal levels of EB1 in eb1 Ϫ/ Ϫ mutant or eb1 iRNA -expressing neurons, they were kept for several days in culture medium in centrifuge tubes before they were suspended and plated (Sánchez-Soriano et al., 2010) .
Fibroblast cell culture
NIH3T3 mouse fibroblasts were cultured in DMEM (Sigma-Aldrich), supplemented with 1% L-glutamine (Invitrogen), 1% penicillin/streptomycin (Invitrogen), and 10% FCS in a humidified incubator at 5% CO 2 and passaged in a 1:10 dilution every 3 d. Lipofectamine and Plus reagent (Invitrogen) were used for transient DNA transfections according to the manufacturer's instructions. Cells were replated 5 h after transfection at ϳ40% confluence in glass-bottom dishes (MatTek Corporation) coated with 10 g/ml bovine plasma fibronectin (Sigma-Aldrich). For live imaging (24 or 48 h post-transfection), cells were maintained in Ham's F-10 medium (Sigma-Aldrich) supplemented with 4% FCS. Nocodazole was applied at 10 M in Ham's F-10 medium for 3 h at 37°C, followed by immediate fixation.
Coimmunoprecipitation and Western blot analyses
Cos-7 cells (African Green Monkey Kidney Fibroblast Cells) were transfected with Ctail::GFP or GRD-Ctail::GFP. Cells were cultured in DMEM (Sigma-Aldrich) supplemented with 10% FBS and 1% glutamine in a humidified incubator at 5% CO 2 and passaged in a 1:10 dilution every 3 d. Lipofectamine and Plus reagent (Invitrogen) were used for transient DNA transfections of 70% confluent cultures in 10 mm culture dishes, according to the manufacturer's instructions. Forty-eight hours after transfection, cells were lysed on the dish with 2 ml of lysis buffer (50 mM Tris pH7.4; 120 mM NaCl; 2.5 mM EGTA; 10 mM MgCl; 1% NP40) supplemented with 1 mM PMSF (Sigma) and complete mini EDTA-free Protease Inhibitor Cocktail (Roche). Cell extracts were subjected to Immunoprecipitation (IP) using GFP-Trap A kit (ChromoTek) following the manufacturer's instructions. Cell extracts and IP samples were resolved in 10% Bis-Tris NuPage gels (Invitrogen) and then transferred to Hybond-P PVDF membranes (GE Healthcare). Membranes were stained with anti-human EB1 (Santa Cruz Biotechnology; diluted 1:1000), anti-GFP (Invitrogen; diluted 1:2000) and anti-Vinculin (Sigma; diluted 1:2000) antibodies, followed by HRP-conjugated secondary antibodies, and developed using Pierce ECL Plus Western Blotting substrate kit).
For Western blot analysis of Shot-FL, Shot-⌬Ctail and Shot-3MtLS* expression levels stage 16 wild-type embryos and embryos expressing the constructs under the control of scabrous-Gal4 were collected in 2ϫ sample Laemmli buffer (Sigma), at a concentration of 1 embryo/l. The samples were homogenized with a pestle and heated for 5 min at 96°C before electrophoresis. Twenty microliters of each embryonic extract were resolved in 3-8% Tris-acetate gradient NuPage gels (Invitrogen) and Western blot was performed as described above using anti-GFP (Invitrogen; diluted 1:2000) and anti-␣-spectrin [Developmental Studies Hybridoma Bank (DSHB); diluted 1:2000]. 
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(Figure legend continued.) mutant (arrowheads, nerve tips; horizontal lines, indicators of ventrodorsal position as described in Materials and Methods); B and G show primary neurons after 6 h in culture with shorter axons in the mutant (S, somata; arrowheads, axon tips); C and H show close-ups of axonal growth cones of wt and shot Ϫ/ Ϫ mutant primary neurons with disorganized MTs; D and I show traces of trajectories of polymerizing EB1-labeled MT plus ends (growth cone outline in white); E and J show directionality plots of the same growth cones with a higher degree of abaxial projections in the mutant (red lines indicate the axon axis, magenta lines represent 45°from the axon axis). K-Kٟ, Growth cones fixed with a specific protocol for MT plus end-associated proteins (Rogers et al., 2002) showing Shot at MT plus ends (green, curved arrows) trailing slightly behind EB1 (red, arrows) at the plus ends of MTs (blue). L, M, Quantifications of motor nerve lengths in embryos (see A, F) and axon lengths in primary neurons (see B, G) normalized to wild-type (wt); rescue experiments in shot Ϫ/ Ϫ mutant embryos or neurons were performed with Shot-FL, Shot-⌬Ctail and Shot-3MtLS*, as indicated; numbers in columns indicate the pooled numbers of assessed nerves or neurons; quantifications were statistically assessed by Kruskal-Wallis one-way ANOVA on Ranks (H ϭ 181.593, 4 degrees of freedom, p Յ 0.001 in L; H ϭ 83.791, 4 degrees of freedom, p Յ 0.001 in M) and Mann-Whitney rank sum test (black asterisks, significant when compared with wt; gray asterisks, significant when compared with shot Ϫ/ Ϫ ; black ns, not significant when compared with wt; gray ns, not significant when compared with shot Ϫ/ Ϫ ; values as indicated in insets). Note that rescues mediated by Shot-⌬Ctail and Shot-3MtLS* show different trends in embryos and primary neurons, likely caused by distinct properties of these constructs in MT stabilization; Figure 2 ). N-P, Growth cones of 6 h shot Ϫ/ Ϫ mutant primary neurons (compare H) expressing Shot-FL, Shot-⌬Ctail or Shot-3MtLS*, as indicated. Q, Quantification of MT disorganization in 6 h primary neurons; numbers in columns indicate numbers of independent experiments (before slash) as well as overall numbers of assessed neurons (after slash); statistics as in L and M 
Fixation, staining, microscopy, and documentation
Procedures for the dissection, immunohistochemistry and motor axon length measurements of embryos, as well as standard staining procedures for primary neurons were described previously (Bottenberg et al., 2009; Sánchez-Soriano et al., 2010) . For anti-EB1 stainings, cells were treated for 10 min with Ϫ80°C ϩTIP fixative (90% methanol, 3% paraformaldehyde, 5 mM sodium carbonate, pH 9; Rogers et al., 2002) . Fibroblasts were fixed either with Ϫ20°C methanol for 5 min (anti-tubulin staining) or with 4% paraformaldehyde in 0.05 M phosphate buffer for 30 -60 min ( phalloidin stainings). Before adding antibodies, cells were washed 3 times (10 min each) with PBT (PBS, 0.3% Triton-X). Staining reagents: anti-tubulin (clone DM1A, mouse, 1:1000, Sigma; alternatively, clone YL1/2, rat, 1:500, Millipore Bioscience Research Reagents); anti-DmEB1 (rabbit, 1:2000; Elliott et al., 2005) ; anti-FasII (clone ID4, mouse, 1:20, DSHB); anti-GFP (goat, 1:500, Abcam); anti-Shot (1:200, guinea pig; Strumpf and Volk, 1998) ; Cy3-conjugated anti-HRP (goat, 1:100, Jackson ImmunoResearch); FITC-, Cy3-or Cy5-conjugated secondary antibodies (donkey, purified, 1:100 -200; Jackson ImmunoResearch); TRITC/Alexa647-coupled Phalloidin (1:100 or 1:500; Invitrogen). Standard documentation was performed with AxioCam monochrome digital cameras (Carl Zeiss Ltd.) mounted on BX50WI or BX51 Olympus compound fluorescent microscopes.
Live imaging was performed at 26°C on a Delta Vision RT (Applied Precision) restoration microscope using a 100ϫ/1.3 Ph3 Uplan Fl objective and the Sedat filter set (Chroma 89000). The images were collected using a Coolsnap HQ (Photometrics) camera. For time lapse recording, images were taken every 4 s for 2 min with an exposure time of 0.8 -1 s. To generate velocity and lifetime measurements of MTs, comets of fluorescently tagged EB1 were tracked manually using the manual tracking plugin for ImageJ. Anterograde comet paths that did not become merged with other comets were used for analysis. To determine the directionality of MT growth, MT plus ends labeled with EB1-GFP were manually traced using the manual tracking plugin for ImageJ and the traces were analyzed using the ImageJ Chemotaxis plugin.
Axon length and staining intensity measurements were performed using ImageJ software (ImageJ 1.42, http://rsb.info.nih.gov/ij). To quantify MT disorganization, relative numbers of primary neurons were counted that showed areas of curled non-coalescent microtubules in either the axon or growth cone. To quantify MT stability upon nocodazole-treatment, relative numbers of primary neurons were counted in which MTs (stained with anti-tubulin) were absent in parts of the axons. To measure MT association, fibroblasts were transfected with same amounts of cDNA encoding GFP-tagged proteins. Based on the rationale that stronger MT affinity of a protein leads to a higher density of molecules associated with MTs (reflected in the intensity of staining), ImageJ was used to draw lines across cells, crossing the shaft or plus ends of MTs, and maximal gray values were determined (two regions for each cell). Measurements were performed on live images taken in the green channel with identical exposure times of cells expressing similar overall levels of the GFP-fusion proteins. The cytoplasmic fluorescence intensity was subtracted by bandpass 5:1 filtering, resulting in images of GFPfusion protein associated with MTs. All data are shown as mean Ϯ SEM. Statistical analyses were performed in Sigma Stat 3.0 using 2 tests or Kruskal-Wallis one-way ANOVA on Ranks followed by Mann-Whitney Rank Sum Tests.
Results

Shot regulates the direction of MT polymerization
Previous work had shown that neurons lacking Shot (i.e., carrying two loss-of-function mutant alleles of shot, referred to as shot Ϫ/ Ϫ ) extend much shorter axons (illustrated in Fig. 1 A, B vs F, G, L, M; Lee and Luo, 1999; Lee and Kolodziej, 2002; Bottenberg et al., 2009; Sánchez-Soriano et al., 2009 ). In these experiments, axon shortening correlated with a marked increase in curled non-coalescent microtubules which frequently cross one another (from here on this is referred to as MT disorganization; illustrated in Fig. 1 H, Q; Sánchez-Soriano et al., 2009). However, the molecular mechanisms of Shot function that explain these axon growth and MT disorganization phenotypes are unknown.
Two possible explanations have previously been suggested to account for the appearance of looped MTs in growth cones (Purro et al., 2008) . Curled MTs might arise from continued MT polymerization at the axonal or growth cone membrane, forcing MTs to bend backward or buckle, as similarly described for primary mouse endoderm cells lacking ACF7 (Kodama et al., 2003) . Alternatively, curled organization would be expected if MTs lose their tendency to perform guided extension in the direction of axon growth. In the latter scenario they would polymerize along random trajectories with reduced probability to reach the leading edge. To distinguish between these two possibilities, we assessed the directionality of MT extension in growth cones of wild-type and shot Ϫ/ Ϫ mutant neurons. To this end, we labeled polymerizing MT plus ends with EB1::GFP and followed their growth using time lapse. We found that, in control neurons, 93.3% of microtubules polymerized in the direction of axonal growth, and only 6.7% (n ϭ 206 microtubules from 11 distinct cells) showed transverse, abaxial polymerization (i.e., deviated Ͼ45°from the axon axis; Fig. 1 D, E). In contrast, the fraction of abaxial MT trajectories was increased threefold to 19.1% in shot Ϫ/ Ϫ mutant growth cones (n ϭ 235 microtubules from 11 distinct cells; Fig.  1 
I, J;
2 ϭ 11.503 with 1 degrees of freedom; p Յ 0.001). This increase in transverse MT trajectories suggested MT guidance to be a likely mechanism through which Shot contributes to the organization of axonal MTs and thus promotes axon extension.
Ctail and its MtLS motifs are essential for axon growth and MT organization
If MT guidance is an important aspect of Shot function during MT organization and axon growth, its function should require interaction with MT plus ends, which are the sites of MT polymerization. We found Shot localization to be in agreement with this hypothesis. When using specific fixation protocols for MT plus end-associated proteins (Rogers et al., 2002) , we found Shot at MT plus ends trailing slightly behind EB1 ( Fig. 1 K -Kٞ) . This localization was in agreement with findings in non-neuronal Drosophila S2 cells (Slep et al., 2005) .
Next we assessed whether plus end localization of Shot is functionally relevant. To this end, we tested the requirement of three putative MtLS (MT tip localization sequence) motifs located in the Ctail of Shot (Fig. 1 R) , based on the rationale that this type of motif is required for MT plus end localization in a number of proteins (Honnappa et al., 2009) . We generated two derivatives of the Shot full-length construct which either lacked Ctail completely (Shot-⌬Ctail; Fig. 1 R) or carried targeted mutations replacing each of the three MtLS motifs by four alanines (Shot3MtLS*; Fig. 1 R) . We used the Gal4/UAS system to target expression of these constructs to shot Ϫ/ Ϫ mutant Drosophila neurons and tested their functional ability to rescue the shot Ϫ/ Ϫ mutant axonal phenotypes. In control experiments, normal full-length Shot (Shot-FL) achieved significant rescue of motor nerve stall in shot Ϫ/ Ϫ mutant embryos in vivo, and a complete rescue of axon extension and MT organization phenotypes in shot Ϫ/ Ϫ mutant primary neurons in culture ( Fig. 1 L-N,Q ; see also Bottenberg et al., 2009; Sánchez-Soriano et al., 2009 ). In contrast, we found that both Shot-⌬Ctail and Shot-3MtLS* failed to rescue either of these defects both in vivo and culture ( Fig. 1 L, M,O-Q) . Western blot analyses and localization studies in primary neurons revealed that all constructs were expressed at comparable levels in neurons and localized to growing axons (Figs. 1S, 2AЈ ,BЈ,CЈ).
We conclude that the Ctail and its MtLS motifs are required for MT guidance and the growth-promoting function of Shot, suggesting that Shot acts as a ϩTIP in this context.
Shot stabilizes axonal MTs in growing neurons
Apart from localizing at MT plus ends, endogenous Shot and Shot-FL were described to localize along the shafts of MTs in neurons compare Fig. 2 AЈ) . We tested whether also this other fraction of Shot at MT shafts is functionally required. Localization along axonal MT shafts is a typical feature of structural MAPs (such as Tau, MAP2 or MAP1b) which act to stabilize MTs against depolymerization, thus positively impacting on axon growth (Chilton and Gordon Fig. 1R ), stained for F-actin (red), tubulin (blue) and GFP (green); arrowheads point at obvious MT-association of the GFP-tagged Shot-FL and Shot-3MtLS* constructs. Note, that A-C were taken with identical camera settings from parallel cell cultures, indicating that all constructs are equally well expressed. F-K, Anti-tubulin-stained primary neurons treated with taxol or nocodazole (noc), or control-treated with the vehicle DMSO. Somata are indicated by S, the tips of the axons by arrowheads, and the curved arrow points to a region of the axon devoid of microtubules. L, Quantification of axon lengths upon taxol treatment (**p Յ 0.001, *p ϭ 0.03, as determined by Mann-Whitney rank sum test). M, Quantification of destabilizing effects of nocodazole on axonal MTs of wt and shot Ϫ/ Ϫ mutant primary neurons without targeted expression (gray) or of shot Ϫ/ Ϫ mutant neurons expressing Shot constructs (black; constructs illustrated in Fig. 1R ); 2 tests (*p Յ 0.004; ns, not significant p Ն 0.01) were performed relative to wt (gray asterisks) or relative to FL (black asterisks). Scale bar (in A) A-E؆, 2 m; F-K, 5 m.
fore whether Shot likewise stabilizes axonal MTs and whether this function could contribute to axon growth regulation.
For this, we treated shot Ϫ/ Ϫ mutant neurons with low doses of the MTstabilizing drug taxol for 4 h. We found that treatment with taxol, but not vehicle, significantly rescued the short axon phenotype of shot Ϫ/ Ϫ mutant neurons (Fig.  2 I, J,L) . In contrast, the same taxol treatment of wild-type neurons modestly inhibited axon growth (Fig. 2 F, G,L) , which is in agreement with previous reports for both Drosophila and vertebrate neurons (Letourneau et al., 1987; Sánchez-Soriano et al., 2010; Hur et al., 2011) and may be due to the suppression of MT dynamics through overstabilization. Therefore, the right balance of MT stabilization seems essential for axon growth, and taxol might help to bring the low MT stability levels in shot Ϫ/ Ϫ mutant neurons back to levels which better support axon growth.
To directly assess potential MTstabilizing roles of Shot, we treated primary neurons for 2.5 h with the MT destabilizing drug nocodazole. We found that ϳ50% of nocodazole-treated shot Ϫ/ Ϫ mutant neurons displayed areas in their axons which were devoid of MTs (Fig. 2K,M) , whereas such effects were hardly ever seen in wildtype neurons (Fig. 2H,M) .
Together, these results clearly demonstrate that Shot stabilizes axonal MTs and suggest it is functionally related to structural MAPs.
The C terminus of Shot mediates MT stabilization in an MtLS-independent manner
We next asked which domains of Shot are required for MT stabilization. For this, we expressed different Shot constructs in primary neurons and assessed their localization as well as their ability to reinstate MT resistance against nocodazole in the absence of endogenous Shot. We found that Shot-FL prominently localizes along MTs and fully reestablishes MT stability to shot Ϫ/ Ϫ mutant neurons, confirming that MT stabilization is a true function of Shot (Fig. 2 AЈ,M ) . We next tested the C-terminal GRD, which is essential for Shot function in axon growth and has been suggested to stabilize MTs in mouse fibroblasts (Lee and Kolodziej, 2002; Bottenberg et al., 2009; ). Accordingly, a Shot-FL derivative lacking GRD (Shot-⌬GRD; Fig. 1 R) failed to protect axonal MTs of shot Ϫ/ Ϫ mutant primary neurons against nocodazole treatment (Fig. 2 M) . Notably, Shot-⌬GRD also failed to display obvious Ϫ/ Ϫ mutant embryos, tendon cell integrity is affected as reflected by abnormal elongation of actin::GFP-labeled cytoskeletal arrays (white arrows). C, D, Diagrams illustrating tendon cell morphology in lateral (C) and plain (D) view; muscles (mu, magenta) attach to basal surfaces (black arrowheads) of tendon cells (tc; asterisks indicate nuclei), which are specialized cells of the epidermis (ep); apical tendon cell surfaces (white arrowhead) link to the exoskeleton called cuticle (cu, gray); apical and basal tendon cell surfaces are connected through cytoskeletal arrays (curved arrow) which are composed of parallel actin fibers (red) and MTs (green) and appear as a continuous band in horizontal view (D). E, H, K, Plain views of shot Ϫ/ Ϫ mutant embryos with targeted expression of Shot-FL, Shot-⌬Ctail or Shot-3MtLS (as indicated on the left); successful rescue of tendon cell integrity by Shot-FL and Shot3MtLS is indicated by curved arrows in E and K, respectively; arrows point at stretched cytoskeletal arrays reflecting failed rescue through Shot-⌬Ctail; a similar lack of rescue was observed for Shot-⌬GRD (Bottenberg et al., 2009) . F, G, I, J, L, M, Images from late L3 larvae show muscle tips (magenta) attached to tendon cells (outlined with white line) which express different GFP-tagged constructs (green; as indicated on the left of each panel; all symbols and abbreviations as in C); Shot-FL, Shot-⌬Ctail, Shot-3MtLS* and EGC all show strong association with cytoskeletal arrays with a slightly higher concentration at apical and basal ends. Strong MT association is surprising especially for Shot-⌬Ctail, but similar observations were made for Shot-⌬GRD (Bottenberg et al., 2009) ; they might be explained through dimerization of these deletion constructs with endogenous Shot or interactions of N-terminal or central domains with other constituents proteins of cytoskeletal arrays. In contrast, Ctail and Ctail-3MtLS* show weaker and homogeneous localization at cytoskeletal arrays, and higher cytoplasmic and nuclear levels. Scale bar (in A) A, B, E, H,  K, 40 m; F, G, I, J, L, M, 7 m. MT association, but was diffusely distributed throughout neurons instead (Fig. 2 DЈ) . To our surprise we found that Shot⌬Ctail similarly showed a diffuse localization pattern and failed to protect axonal MTs (Fig. 2 BЈ,M ) . In contrast, Shot-3MtLS* displayed normal MT association and fully rescued MT resistance to nocodazole (Fig. 2CЈ,M ) . Therefore, Ctail is important for MT-stabilizing functions of Shot, but its MtLS motifs are dispensable for this. Finally, we tested the EGC construct which consists of only the Shot C terminus including GRD and Ctail (Fig. 1 R) . EGC displayed homogeneous localization along MTs and completely restored nocodazole resistance to shot Ϫ/ Ϫ mutant neurons (Fig. 2 EЈ,M ) , indicating that only the C terminus of Shot is sufficient for this function.
Together, both the GRD and Ctail are essential for MT shaft localization and stabilization, but the MtLS motifs are not required for this function.
Tendon cells confirm context-specific requirements of MtLS motifs for Shot function
We next tested whether our findings of MTLS-dependent and independent functions of Shot in neurons might be of relevance also in other cellular context. To this end, we investigated tendon cells as a further example of cell types that require Shot function (Alves-Silva et al., 2008) . Tendon cells are specialized cells of the epidermis to which muscles attach, and which display prominent apicobasal MT arrays that are highly resistant to nocodazole (Fig.   3C ). In shot Ϫ/ Ϫ mutant embryos, tendon cells are disrupted, and this phenotype can be rescued through targeted expression of Shot-FL (Fig. 3 B, E ; Prokop et al., 1998; Alves-Silva et al., 2008; Bottenberg et al., 2009) . We have shown previously that GRD is absolutely required for Shot function in tendon cells (Bottenberg et al., 2009 ). Here we assessed the role of Ctail and MtLS motifs. We found that Shot-⌬Ctail and Shot-3MtLS* both localized normally in tendon cells when assessed in wild-type larvae (Fig.  3 I, L) . However, when expressed in shot Ϫ/ Ϫ mutant embryos, only Shot-3MtLS* fully restored tendon cell integrity, whereas Shot-⌬Ctail completely failed to rescue the shot Ϫ/ Ϫ mutant tendon cell phenotype (Fig. 3 H, K ) . Therefore, Shot function in tendon cells absolutely requires Ctail but not its MtLS motifs.
Ctail supports GRD-mediated MT stabilization by enhancing MT association of Shot
To uncover the functional contributions of GRD and Ctail to MT-stabilizing functions of Shot, we used mouse NIH3T3 fibroblasts which are ideally suited for the imaging of cytoskeletal networks and have been used successfully for the study of the C termini of mammalian spectraplakins (Sun et al., 2001 ). We first expressed equivalent Shot variants in fibroblasts and found the same correlation as in neurons. Shot-FL, Shot-3MtLS* and a C-terminal GRD-Ctail construct (see Fig. 6 K) all strongly associated with MTs (Fig. 4 AЈ,CЈ,DЈ,G, I , J ) and conferred stability of MTs against nocodazole treatment in all transfected cells (see A؆-F؆) . G-L, Still images taken from live movies of cells expressing the same constructs as shown above: Shot-FL (G) and Shot-3MtLS* (I) usually associate with MTs in a discontinuous way; GRD-Ctail (J) prominently decorates MTs; GRD and Ctail (K, L) mildly associate with MTs although relatively high levels of proteins seem to be available in the cytoplasm (and tend to enrich also in nuclei; asterisks); Shot-⌬Ctail shows no obvious MT association (H). Note that MT localization of GRD and Ctail is lost after fixation (E, F), further indicating their weak tendency to associate with MTs. Arrows indicate MT association throughout. Scale bar in A, 10 m in all images. Notes). In contrast, Shot-⌬Ctail failed to associate with MTs and stabilize them in ϳ70% of transfected fibroblasts (Fig. 4 BЈ,H ; see Notes). These results clearly confirmed our findings in neurons and suggested that fibroblasts represent a suitable cellular model for our studies.
To understand how GRD and Ctail mediate MT association and stabilization, we investigated their properties in isolation. We found that each domain alone only weakly associated with MTs, and this is in contrast with the very strong localization of the GRD-Ctail tandem construct (Fig. 4DЈ-FЈ, J-L) . Furthermore, GRD and Ctail displayed high cytoplasmic levels and prominent nuclear localization (Fig. 4, black asterisks) , suggesting that MT association was too weak to efficiently sequester the available protein. As a third indicator for their weak MT association, the localization to MTs observed by live imaging was frequently lost during immunohistochemical fixation and staining procedures (Fig. 4 EЈ,FЈ vs K, L) . Finally, the weak association is in agreement with reports for GRDs and Ctails of mammalian spectraplakins or Gas2-like proteins (Sun et al., 2001; Goriounov et al., 2003) . Notably, the weak MT association of our GRD construct contradicted previous reports which demonstrated that the GRD of Shot strongly localizes to MTs (Lee and Kolodziej, 2002; Applewhite et al., 2010) . However, we were able to verify our findings by showing that previously used GRD constructs were incomplete and lacked four N-terminal amino acids within the first ␣ helix. This deletion caused the enhanced MT localization in former studies (see explanations in the legend of Fig. 5) .
We next tested GRD and Ctail for their ability to protect against nocodazole. We found that GRD displayed high stabilizing properties (see Notes), whereas Ctail completely failed to protect MTs (see Notes). We wondered whether Ctail's inability to protect MTs was due to its weak MT association. However, when triggering strong MT association of Ctail (through fusing a dimerization domain of the yeast transcriptional activator GCN4 to its N terminus; Fig. 6 K; Viñals et al., 2002) this was still not sufficient to protect MTs against nocodazole treatment (data not shown).
We conclude that Ctail is itself not a MT-stabilizing element of the Shot C terminus. However, it enhances MT association and thus helps to maintain full-length Shot on MTs as prerequisite for its GRD-mediated role in MT stabilization. . N-terminal residues of the GRD significantly influence its MT association. A, Alignment of GRDs from various spectraplakins and Gas2-like molecules (taken from Ensembl) with the resolved structure of the GRD from mouse Gas2 (growth arrest specific 2; http://www.rcsb.org/pdb/explore/explore.do?structureIdϭ1V5R). B, A different GRD construct (GRD**) used in previous publications (Lee and Kolodziej, 2002; Applewhite et al., 2010 ; construct kindly provided by S. Lee, Seoul National University, Seoul, Republic of Korea) shows much stronger MT association (indicated by black circle) than our GRD construct (gray circle). The GRD** construct lacks the 4 amino acids D-K-I-H of the first ␣ helix, and adding these residues back (DKIH-GRD**) is sufficient to reduce the strength of MT association (gray circle). In contrast, the following modifications of the GRD construct did not change MT association: extending the linker region (GRD-pcDNA3), adding LRE from the Shot protein sequence (GRD-LRE), adding LRE and using the linker present in GRD** (Gas2-pEGFP). C-E, Images of fibroblasts expressing some of the above mentioned constructs. Scale bar in C, 10 m in all images.
MT association of Ctail requires its net positive charge
We next asked what properties of Ctail are required to associate with MT shafts. Ctails of all spectraplakins and Gas2-like proteins are poorly conserved at the sequence level. Instead, a characteristic commonality is their high content in glycines, serines, and arginines (Sun et al., 2001; Goriounov et al., 2003; Stroud et al., 2011) . Shot Ctail contains 10% glycines, 19% serines and 11% arginines, which are distributed throughout the sequence (Fig.  6 A) . In particular the positive charge conferred by the abundant arginine residues might be expected to contribute to MT association (Wolff, 1998; Wu et al., 2011) . To test this possibility, we generated a Ctail derivative in which all arginines were substituted by uncharged polar asparagine residues (Fig. 6 K, Ctail-R*). When expressed in fibroblasts, Ctail-R* failed to display any ob- vious MT association (Fig. 6CЈ,L) . Furthermore, when Ctail-R* was fused to GRD (GRD-Ctail-R*) it displayed weak MT association similar to GRD alone (Fig. 5E vs 6 IЈ) , indicating that Ctail-R* fails to enhance MT association of GRD. Therefore, positively charged arginines contribute to Shot association with MTs.
MtLS motifs mediate binding to EB1 and recruit the Shot C terminus to MT plus ends
Having understood how Ctail contributes to MT-stabilizing roles of Shot, we next addressed how its MtLS motifs contribute to functions in axonal extension and MT organization. We observed that Ctail, in addition to localizing along MT shafts in fibroblasts, strongly accumulates at their polymerizing plus ends (Fig. 6 BЈ,  arrows) . Such localization was abolished when the three MtLS motifs were mutated (Ctail-3MtLS*; Fig. 6 DЈ,M ) . In support of this finding, endogenous EB1 was coimmunoprecipitated with Ctail in extracts of Cos-7 cells, but not with Ctail-3MtLS* (Fig.  7A) . Importantly, in Drosophila primary neurons, Ctail also tracked polymerizing MT plus ends, whereas Ctail-3MtLS* failed to do so (Fig. 7 B, C) , suggesting that MtLS motifs might also mediate MT plus end localization of Shot in neurons.
There are three putative MtLS motifs in Ctail, two of which match the SxIP consensus sequence, whereas the third one is a related SnLP motif (Figs. 1 R, 6A) . To assess which of these motifs are required for MT plus end localization, we first generated constructs in which only the two SxIP motifs were substituted by alanine residues (Ctail-SrIP-SsIP*; Fig. 6 K) . This construct completely failed to accumulate at MT plus ends (Fig. 6G,M ) , suggesting that the SnLP motif is dispensable for MT plus end localization of Ctail. If SrIP or SsIP were mutated singly (CtailSrIP* and Ctail-SsIP*; Fig. 6 K) , only minor reductions in MT plus end association were observed (Fig. 6 E, F,M ) . Therefore, each of the two SxIP motifs alone is sufficient to mediate plus end localization, and these two motifs do not display strong cooperative effects (as was previously described for the two MtLS motifs of CLASP; Honnappa et al., 2009) .
However, our data also suggest that MtLS motifs are not sufficient for MT plus end localization. For example, MT plus end localization was lost by the Ctail-R* construct (which contains an intact SsIP motif; Fig. 6CЈ, open arrow) as well as by a second construct in which all arginines were substituted except in islands of 14 residues centered around each of the three MtLS motifs (to preserve their functional integrity; Honnappa et al., 2009 ; data not shown). These data suggest that the overall positive charge of Ctail is important for both MT shaft and plus end localization of Ctail.
Finally, we assessed whether MtLS motifs also had an influence on the localization of GRD-Ctail constructs. Like Shot-FL in neurons, GRD-Ctail in fibroblasts displays strong association along MT shafts, providing an opportunity to study how MT shaft and plus end localization relate to each other. For this, fibroblasts were transfected with GRD-Ctail or GRD-Ctail3MtLS* together with the EB1 homolog EB3::RFP (as a live tracker of MT plus ends). We found that MT association of GRDCtail along MTs reached to their polymerizing plus ends, overlapping with the tails of EB3 comets (Fig. 6 H-HЉ) . In contrast, GRD-Ctail-3MtLS* did not reach as far to the MT plus ends and failed to overlap with EB3 comets (Fig. 6 J-JЉ) . Accordingly, GRD-Ctail but not GRD-Ctail-3MtLS* was able to coimmunoprecipitate EB1 in extracts of Cos-7 cells (Fig. 7A) , although in lower quantities than Ctail alone (potentially because of the fact that Ctail fully overlaps with EB1 comets, whereas GRD-Ctail only overlaps with the comet tail).
We conclude that EB1 interaction via the two MtLS motifs mediates MT plus end localization, even under conditions where Shot is strongly associated along MT shafts.
Shot regulates MT polymerization dynamics in Drosophila neurons
We next tested whether Shot at MT plus ends influences the dynamics of MT polymerization in neurons. To this end, we labeled the plus ends of polymerizing MTs with EB1::GFP (Fig.  8C,D) and measured their dynamics in wild-type and shot Ϫ/ Ϫ mutant primary neurons (speed and life-time of EB1 comets). We found that EB1::GFP comets traveled 40% faster in shot Ϫ/ Ϫ than in wild-type neurons, whereas the life-time of comets was reduced by 25.5% (Fig. 8 E, F ) .
To validate these findings we performed rescue experiments. Notably, both Shot-FL and Shot-3MtLS* rescued the shot Ϫ/ Ϫ mutant velocity phenotype from 141% (relative to wild-type) to ϳ90% (Fig. 8 F) . These rescues confirmed that Shot inhibits the movement of EB1::GFP comets, and they showed that Shot does not require interaction with EB1 to this end. Therefore, Shot in its function as a MAP seems to negatively impact on the speed of MT polymerization, as is in agreement with reports for other classical MAPs which influence MT polymerization through mechanisms not yet understood (Tymanskyj et al., 2012) . We cannot rule out that changes in MT sliding or translocation might contribute to this phenotype, but it seems unlikely that such sliding would primarily occur in the direction of MT polymerization (as would be required to enhance net speed of comets).
In contrast, only Shot-FL rescued the life-time phenotype, whereas Shot-3MtLS* achieved only a partial rescue (Fig. 8 E) . Therefore, Shot regulates the life-time of MT polymerization in an MtLSdependent manner. A potential explanation could be that MtLS-dependent functions of Shot in guiding MT plus ends also protect them from collapse-inducing factors at the neuronal cortex (Letourneau, 2009 ).
EB1 is essential for axonal MT organization and axonal growth and interacts with Shot
The requirement of MtLS motifs for axonal functions of Shot and for its physical interaction with EB1 led us to predict that EB1 is also essentially required for axonal growth and MT organization. Previous work had established that Shot localization to MT plus ends depends on EB1 (Slep et al., 2005) . As expected, our analyses with fluorescently tagged EB1 and endogenous EB1 in shot Ϫ/ Ϫ mutant neurons (Fig. 8 B, D) demonstrated that MT plus end localization of EB1 does not depend on Shot. Therefore, Shot requires EB1 to localize at MT plus ends but not vice versa.
Next, we tested potential axonal phenotypes caused by loss of EB1 function. To this end, we used fly strains carrying the strongest reported loss-of-function mutant allele eb1 04524 , which had been shown to cause depletion of EB1 at the larval stage . Accordingly, we found that primary neurons extracted from eb1 Ϫ/ Ϫ mutant embryos still showed high levels of EB1 staining after 6 h in culture (data not shown), but these levels were severely reduced when cells were precultured for several days to deplete maternally contributed proteins ( Fig. 9B ; Materials and Methods). Using our established readouts, we assessed the phenotypes of eb1 Ϫ/ Ϫ mutant primary neurons. Compared with parallel wild-type controls, we found that eb1 Ϫ/ Ϫ mutant neurons displayed a significant shortening of axons to 62% and frequent patches of non-coalescent, criss-crossed MTs. These EB1-deficient phenotypes were reminiscent of the shot Ϫ/ Ϫ mutant axonal defects (Fig. 9 B, E, I , J ). EB1 depletion, MT disorganization and reduced axon length were also observed on knocking down EB1 through targeted expression of an eb1 iRNA construct in primary neurons during a 6 d preculture period (Fig. 9C, F, I,J ) . Furthermore, rescue of mutant phenotypes was achieved with targeted expression of EB1::GFP in eb1 Ϫ/ Ϫ mutant neurons ( Fig.  9 I, J ) . Therefore, our results clearly demonstrated that, like Shot, EB1 promotes axonal growth and is required for the organization of neuronal MTs.
The eb1 mutant phenotypes provided us with means to assess potential functional links between Shot and EB1 through genetic interaction studies. Neurons cultured from embryos carrying one mutant and one wild-type copy of the two genes (shot Ϫ/ϩ eb1 Ϫ/ϩ ), displayed disorganized MT networks and shorter axons compared with shot Ϫ/ϩ or eb1 Ϫ/ϩ heterozygously mutant neurons (Fig. 9G, I, J ) . In support of these findings, genetic interaction was also observed when shot Ϫ/ϩ was combined with eb1 iRNA . Thus, eb1
iRNA -expressing neurons still contained relatively high levels of protein after 6 h in culture (data not shown), and failed to display obvious phenotypes ( Fig. 9 I, J ) . However, when eb1 iRNA expression was combined with one mutant copy of shot (eb1 iRNA shot Ϫ/ϩ ), neurons already displayed strong MT disorganization and axon length phenotypes after 6 h in culture (Fig. 9H-J ) . Hence, modestly reducing the amount of either EB1 or Shot is without effect, but modestly reducing levels of both proteins together in the same cells becomes limiting for their function, indicating a functional link between them. In addition, we found that axonal phenotypes in shot Ϫ/ Ϫ eb1 Ϫ/ Ϫ double mutant neurons were not enhanced over phenotypes observed in neurons mutant for shot Ϫ/ Ϫ alone, consistent with a view that EB1 and Shot work in the same pathway (data not shown).
Together, the requirement of EB1 for axon growth and MT organization and the genetic interaction between shot and eb1 in this context support a model in which EB1 recruits Shot to MT plus ends as a prerequisite for its role in MT organization and axon growth promotion.
Discussion
Spectraplakins are key regulators of neuronal MTs
The regulation of MT networks is essential for many neuronal functions and processes, ranging from axonal growth to neurodegeneration. However, understanding how MTs are regulated in neurons remains a major challenge. But how these different functions merge into coordinated MT network regulation is poorly understood.
Our work indicates spectraplakins as key integrators of different MT regulatory processes (Fig. 10A) . First, Shot stabilizes MTs, a role generally assigned to structural MAPs, such as Tau, MAP2 or MAP1b (Fig. 10C , MAP function; Chilton and GordonWeeks, 2007; Riederer, 2007; Morris et al., 2011) . Second, Shot regulates MT polymerization dynamics and guides them in the direction of axonal growth. In this function, Shot interacts with EB1, firmly establishing Shot-EB1 interaction as an important determinant of microtubule guidance as a crucial mechanism underpinning axon growth (Fig. 10C, ϩTIP function) . In addition, we previously demonstrated that Shot acts as an actin-MT linker during axonal growth (Lee and Kolodziej, 2002; Sánchez-Soriano et al., 2009 , adding a third crucial MT regulatory role to the list. Therefore, spectraplakins work at the cross-roads of structural MAPs, ϩTIPs and actin-binding proteins, strongly suggesting that work on spectraplakins will provide exciting new opportunities to unravel the complexity of MT regulation in neurons.
At the molecular level, our work revealed the importance of the Ctail for Spectraplakin function. While GRD had previously been established as the domain of Shot which has the widest functional requirements (Bottenberg et al., 2009) , our current work suggested Ctail to be similarly important, as deduced from its crucial roles both in MT stabilization and guidance and its requirements in both neurons and tendon cells.
Shot executes MAP-like functions in growing neurons
We show that Shot localization along the shafts of axonal MTs is important for MTstabilization, suggesting that spectraplakins might functionally overlap with structural MAPs (Riederer, 2007; Morris et al., 2011) . This finding might have important implications. For example, loss of structural MAP functions has relatively mild phenotypes even in double knockout mice (Takei et al., 2000; Teng et al., 2001) , and this could be caused by functional compensation through spectraplakins. It remains to be seen whether such potential functional overlap is general or context-specific. For example, different MAPs and spectraplakins might display individual traits, such as dependence on different MT modifications (Janke and Kneussel, 2010) or selective antagonism to different destabilizing factors (Qiang et al., 2006) .
In support of our findings with Shot, MT-stabilizing roles of spectraplakins appear conserved in mammals. Thus, MTstabilizing roles in neurons have similarly been reported for the Shot homolog BPAG1 (Yang et al., 1999) . Furthermore, axon shortening caused by knock-down of ACF7 in primary cortical neurons or N2A cells ) was rescued by taxol application (our unpublished data). In agreement with these findings, also the domain requirements underlying MT stabilization are conserved (summarized in Fig.  10B ). Thus, studies in fibroblasts have shown that related C termini of the mammalian spectraplakin ACF7/MACF1 and of human Gas2-like1/hGAR22 and Gas2-like2/hGAR17 all display MTstabilizing properties that are dependent on their GRDs, and in each case the Ctails enhance their MT association (Sun et al., 2001; Goriounov et al., 2003) . Therefore, this mechanistic principle appears conserved across a range of homologous proteins, and our work has provided first experimental proof that it is functionally relevant in vivo, such as in growing axons and tendon cells.
Despite their obvious functional conservation, Ctails are not conserved at the protein sequence level but display other commonalities instead. They are all unlikely to form an ordered secondary or tertiary structure, they all display a high content of arginines, serines and glycines, and most contain MtLS motifs (Sun et al., 2001; Stroud et al., 2011 ). Here we identified a role for the arginines of Ctail and propose that this positive net charge attracts Ctail to negatively charged MTs. Such a mechanisms is consistent with other models for MT association (Wolff, 1998) and can explain why Ctails are not conserved at the amino acid sequence level. In support of this model, the C terminus of mouse ACF7 has recently been demonstrated to detach from MTs, when negative surface charges of MTs were enzymatically removed (Wu et al., 2011) .
Shot acts as a ؉TIP during axonal growth
The second subcellular role of Shot in MT guidance establishes EB1 and the EB1-Shot complex as important determinants of axonal growth. In the absence of Shot-EB1 complex function, MTs are disorganized and axons extend shorter. Similar phenotypes of curled, criss-crossed MTs correlating with axon shortening have been described in mammalian neurons lacking ACF7 function ) but also defective for Dynein/ Lis1 (Ahmad et al., 2006; Grabham et al., 2007) , GSK3 (as a regulator of APC downstream of Wnt3a/Dvl1 and of CLASP; Purro et al., 2008; Hur et al., 2011) , or Spinophilin/Doublecortin (Bielas et al., 2007) . Our favored explanation for why MT disorganization attenuates axon growth is that MTs are less efficient in pushing along the axonal axis in the direction of axon growth. Notably, we have shown previously that roles of Shot in MT guidance and axon growth also essentially require its linkage to actin . We therefore propose that Shot performs its MT guiding roles by linking MT plus ends to actin structures, such as the actin cortex in the axons or actin networks or bundles in growth cones. Such a function of spectraplakins is likely to coexist with parallel mechanisms of actin-MT linkage. For example, the F-actin-binding factor drebrin was shown to interact with EB3, and this interaction is likewise believed to be required to steer MT polymerization events in elongating axons (Geraldo et al., 2008) .
Current models propose that ϩTIPs compete among each other for interaction with EB1 at MT plus ends (Akhmanova and Steinmetz, 2008; Gouveia and Akhmanova, 2010) . Other ϩTIPs, such as CLASP, APC, Dynein/Lis and CLIPs, are present in neurons and contribute to axonal growth regulation (Chilton and Gordon-Weeks, 2007) . Therefore, the ϩTIP functions of spectraplakins identified here can now be analyzed in the context of other ϩTIPs, providing new opportunities to gain an understanding of regulatory ϩTIP networks in the context of axonal growth.
Applying models of Shot function in axonal growth to other cellular contexts
We have shown that Shot works at the cross-roads of different mechanisms of MT regulation, and we were able to unravel the figure) ; apart from the C terminus, especially the calponin homology domains (CH) are crucial for Shot function in axonal growth and MT organization, and the EF hand domains are required for F-actin regulation in the context of pathfinding (Lee and Kolodziej, 2002; Bottenberg et al., 2009; Sánchez-Soriano et al., 2009 . B, Although GRD (blue arrow) and Ctail (beige arrow) display MT association as isolated domains, their combined presence is required to maintain full-length Shot on MTs, since interactions of other domains might recruit Shot away (e.g., F-actin affinity; red arrow). GRD stabilizes MTs (darker patches), but can do so only when Shot is associated with MTs. C, Shot executes two functions in neurons. First, Shot stabilizes MTs via its C terminus (MAP function) requiring strong MT association (blue-brown curved arrows) but no obvious dependence on actin linkage (red arrow). Second, EB1 predominantly tracks polymerizing MT plus ends (green dotted arrows) and recruits some Shot activity to this location (black dashed arrows); this ϩTIP function of Shot requires F-actin linkage and is likely to guide MT polymerization events along F-actin structures, for example along the axonal cortex. D, The loss of MT association in Shot-⌬Ctail, disturbs both MAP and ϩTIP functions and no rescue of any neuronal shot Ϫ/ Ϫ mutant phenotype can be achieved (shown in Figures 1, L, M , O, Q, and 2M). E, Shot-3MtLS* can no longer interact with EB1, but can still associate with MTs; therefore, only ϩTIP function is abolished (leading to disorganized MTs and axonal growth defects shown in Fig. 1L , M, P, Q), whereas MAP functions are maintained reflected in the ability to stabilize MTs (Fig. 2M) .
underpinning mechanisms using a genetically and experimentally amenable and functionally well conserved Drosophila model of axon growth (Sánchez-Soriano et al., 2010; Gonçalves-Pimentel et al., 2011) . These findings do not only advance our principal understanding of cytoskeletal regulation during axonal growth, but can be extrapolated to other functions of spectraplakins. Thus, spectraplakins play roles in clinically relevant cellular processes including neurodegeneration, skin blistering and cell migration in wound healing and brain development (Sonnenberg and Liem, 2007; Goryunov et al., 2010) . The two modes of Shot function we have proposed here may very well be applicable. For example, our model for MT guidance displays interesting commonalities with models for ACF7 function in migrating keratinocytes during wound healing, where ACF7 is suggested to guide MTs along actin stress fibers to focal adhesions (Wu et al., 2008) . Furthermore, MT-stabilizing roles are likely to explain Shot function in Drosophila tendon cells. Just like MT-stabilizing roles of Shot in axons and fibroblasts, GRD and Ctail are essential in tendon cells, where they enhance each others localization ( Fig.  3G vs J ), whereas MtLS motifs ( Fig. 3 K, M ) and actin-binding calponin-homology domains of Shot (Bottenberg et al., 2009 ) are dispensable. Notably, tendon cells have been proposed as a cellular model for support cells of the vertebrate inner ear that are known to express the Shot homolog BPAG1 (Alves-Silva et al., 2008) . Therefore, the subcellular mechanisms of spectraplakins described here do not only have implications for the understanding of axonal growth but also for their other functions in neurons and non-neuronal cells.
Notes
Supplemental material for this article is available at https://www.escholar. manchester.ac.uk/uk-ac-man-scw:156942. The supplemental material shows images of nocodazole-treated fibroblasts transfected with GFPtagged C-terminal constructs of Shot to assess the ability of these constructs to protect MTs against depolymerization. A graph is shown plotting quantification and statistical significance of nocodazole resistance conveyed by these Shot constructs. This material has not been peer reviewed.
